In this study, we discuss the short-and the long-term variability of spectral UV irradiance at 14
applied methodologies increase the uncertainty of the indirectly derived UV irradiance, when 32 and 320.1 nm are used to derive the TOC (Kerr et al. 1981 ) and the AOD (Gröbner and 12 Meleti, 2004; Meleti and Cappellani, 2000) . The uncertainty of the TOC measurements is 13 estimated to about 1% or less (Kerr et al., 1985) , while for the AOD the uncertainty is of the 14 order of 0.04 at 320 nm for air mass 1.4 (Kazadzis et al., 2007) . For the trend analysis, which will be discussed later, data for the 11-year solar cycle and the 19 Quasi-Biennial Oscillation (QBO) of the winds in the equatorial stratosphere have been used. 20
Monthly means for the solar flux at 10.7 cm were downloaded from the NOAA national 21 geophysical data centre (http://www.ngdc.noaa.gov/stp/space-weather/solar-data/solar-22 features/solar-radio/noontime-flux/penticton/), while for the QBO wind data were 23 downloaded from the Freie Universität Berlin (http://www.geo.fu-24 berlin.de/en/met/ag/strat/produkte/qbo/index.html). 25 The spectral irradiances used in this study are averages of five measurements (within ±1 nm 26 about the nominal wavelength) and the analysis is performed for 307.5, 324 and 350 nm. The 27 irradiance for the former two wavelengths is derived from both instruments while for 350 nm 28 it is derived only from B086. The solar irradiance at 307.5nm is strongly absorbed by ozone 29 in contrast to the other two wavelengths where the ozone absorption is either weak (324 nm) 30 or negligible (350 nm). In many studies, the irradiance at 305nm has been used to estimate the 31 effect of TOC on UVB irradiance. However, for large solar zenith angles and/or under cloudy 32 variability over Thessaloniki: 250 -550 DU for TOC and 0 -1.4 for the AOD at 320 nm, 23 using the US standard atmospheric profile (Anderson et al., 1986) , the aerosol profile 24 suggested by Shettle (1989) , and typical values of the surface reflectivity, the single scattering 25 albedo and the asymmetry factor of 0.05, 0.85 and 0.7 respectively (Bais et al., 2005) . The 26 simulations revealed that while for small SZAs and long wavelengths the differences in clear-27 sky UV irradiance are small, at 305 nm the differences escalate to 60% for a change in SZA 28 from 69° to 71°. The following empirical relationship has been derived to correct the 29 measured irradiance at SZAs different than the nominal: 30
The monthly mean values of the irradiance at 307.5 nm and at 324 nm, the TOC, and the 11 AOD derived from B005 since 1990 are presented in Figure 1 . The period from June 1991 12 until December 1993 has been shaded to highlight the low TOC values due to the Mt. cloudiness. There is an indication of increasing tendency in irradiance, for both wavelengths 17 since the beginning of the record, which will be further discussed in the following sections. 18
The monthly mean TOC generally ranges between about 280 and 400 DU with no obvious 19 long-term trend. The high aerosol load over Thessaloniki is depicted in the monthly mean 20 values of AOD that range between about 0.3 and 0.9. However, during the last two decades, 21 the mean levels of the AOD are decreasing and its inter-annual variability becomes weaker. 22
As will be shown in the following, changes in aerosols play a key role in both the short-and 23 the long-term variability of the UV irradiance over Thessaloniki. 24 
25

Data Analysis and Results 26
Methodology 27
The present study has two main objectives: First, to quantify and discuss the long-and short-28 term changes in UV irradiance, and second, to investigate whether a turning point exists in the 29 long-term variability of the UV time-series, during the period 1994-2014. Data before 1994 30 are not used in the analysis, to eliminate the effect on total ozone from the volcanic eruption 31 of Mt. Pinatubo in June 1991. Large amounts of aerosols, mainly sulfuric, were injected into 1 the stratosphere which led to decreases in TOC in the period 1991-1993, as can be seen from 2 Figure 1 . In addition, measurements of spectral UV irradiance at Thessaloniki before June 3 1991 are sparse and available for less than two years. 4
Assuming that part of the long-term variability of the clear-sky UV irradiance is due to ozone, 5 one would expect that there should be two modes in this trend: one for the period of 6 decreasing total ozone and one for the period of stabilized or increasing total ozone. For some 7 northern hemisphere locations, it was found (Zerefos et al., 2012) The additional uncertainty due to the remaining autocorrelation was taken into account in the 29 estimation of the statistical significance associated with the detection of the turning point. 30
For the analysis of long-term changes we calculated daily anomalies for TOC, AOD and 31 spectral UV irradiance at different SZAs in order to remove the effect of SZA in the annual 32 variability of irradiance. These daily anomalies were calculated by subtracting from each data 1 point the climatological value for that day which was derived from the entire dataset. Monthly 2 mean anomalies were calculated by averaging the daily anomalies for months with at least 10 3 days of available data. As a next step, the effects of QBO and the 11-year solar cycle were 4 filtered from both the TOC and UV irradiance data sets, by applying a multilinear regression 5 analysis. The procedure described in, e.g., Zerefos et al., (2012) was followed with the only 6 difference being that in the present study we did not use an autoregressive model, due to gaps 7 in the clear-sky UV data set. It was found that the difference in the linear trends derived for 8 the period 1994 -2014 with and without filtering the effects of these two natural cycles is 9 generally smaller than 0.5% per decade,thus smaller than the 1σ uncertainty of the trends 10 which ranges from about 1 to 3% per decade. However, it is not always negligible compared 11 to the magnitude of the derived trends which for all cases range between about -5 and 10% 12 per decade. 13 The number of gaps in the time-series of the UV irradiance is higher in the first half compared 14 to the second half of the period of study. In order to suppress the effect of the uneven 15 distribution of the measurements, the long-term changes in UV irradiance were calculated 16 from the yearly mean anomalies, instead of those derived from the multilinear model. After 17 removing the effects of the solar cycle and the QBO from the monthly mean anomalies, the 18 dataset was recomposed and the yearly mean anomalies were calculated. It was found again 19 that the difference in the linear trends derived from the yearly mean anomalies and directly 20 from the multilinear model is small, with the former being higher by only 0.1 -0.4% per 21
decade. The statistical significance of the trends is derived from the Mann-Kendall test 22 (Burkey, 2006) . In the following, a trend is considered significant when it is statistically 23 significant at the 95% confidence level. 24
Comparison between the trends from the two Brewers for different SZAs 25
Following the re-evaluation and quality control of the entire dataset, the trends of the UV 26 irradiance were calculated separately for the two Brewers operating at Thessaloniki. Mean 27 ratios between quasi-synchronous (within ±1 min) spectral UV irradiance measurements from 28 B005 and B086 under all-sky conditions were calculated for different SZA's to evaluate the 29 applied corrections. Instrumental characteristics of Brewers (e.g., the slit function) may differ 30 for different instruments (e.g. Lakkala et al., 2008) leading to differences between, even 31 synchronous, single wavelength measurements. Comparing averages over small spectral 32 intervals suppress partly these effects. In the present study averages for 5 nm spectral 1 intervals were compared instead of irradiance measurements at single wavelengths (or 2 averages for narrower spectral intervals), because they are wide enough to suppress a great 3 part of the effect of these characteristics, while at the same time they are narrow enough to 4 assess if measurements are properly corrected for, e.g., the effects of temperature and SZA 5 with respect to wavelength. For the wavelength range 310 -325 nm the ratios are very close 6 to 1 with a standard deviation of about 5%. For shorter wavelengths, the mean ratio gradually 7 decreases and for the 300 -305nm range it is ~0.96 with a standard deviation of about 10%. 8
As already discussed, the uncertainties and the deviations from unity arise from the different 9 characteristics of the two instruments and from the imperfect synchronization of the The greatest changes in irradiance at 324 and 350 nm were found in summer both for clear -27 sky and all-sky conditions. The trend for clear skies at these wavelengths is about 3.5% per 28 decade, while for 307.5 nm it increases to about 5% per decade. The main driver for the 29 changes under clear skies appears to be the decreasing AOD, which for summer is more than 30 20% per decade. For all skies, the positive trends are almost double than those for clear skies 31
(about 7% for 324 and 350 nm and about 9% for 307.5 nm), suggesting that the attenuation of 32 irradiance by clouds is decreasing during the last two decades. All these trends are statistically 1 significant. For winter, the trends in irradiance for 324 and 350 nm are 3.5% and 3.0% 2 respectively both for clear skies and all-skies, suggesting that cloud effects during the last two 3 decades are very small in winter and changes in aerosols are the dominant factor. This 4 conclusion is confirmed by the negative trend of the AOD shown in Figure 4 
while for all skies trends are smaller; by 0.5 -1%. Thus, as for winter, the UV trends are due 10 mainly to decreasing AOD. Although for that season the trend in TOC is about 1% per 11 decade, this is not reflected in the trend of clear-sky irradiance at 307.5 nm which is slightly 12 larger than in the UV-A wavelengths, instead of being smaller. For this season only the trend 13 for 350 nm is statistically significant. 14 For autumn, the trends in clear-sky irradiance are approximately 7%, 3% and 1.5% for 307.5, 15 324 and 350 nm respectively, and statistically significant only for the first two wavelengths. 16 For all skies, the trends are 3-4% lower, suggesting an increasing attenuation by clouds during 17 this season. However, the differences between the clear sky and the all sky trends are within 18 the uncertainty limits of the later. The all-sky trends for autumn are not statistically 19 significant. One of the possible reasons for the stronger increase of the irradiance at 307.5 nm 20 compared to 324 and 350 nm is the small negative trend in TOC. Additionally, the relatively 21 large difference between the trends for 324 and 350 nm is explained by the decreasing 22 aerosols which have much stronger impact on shorter than on longer wavelengths. 23 Finally, the yearly averaged TOC is slightly increasing, by about 0.8% per decade, but this 24 change is not statistically significant. In contrast, the yearly mean AOD has been decreasing 25 by about 17% per decade, and therefore AOD is the dominant driver of the changes in the 26 yearly mean UV irradiance. The trends in UV irradiance range from 3 to 4% for clear skies, 27 while for all skies they are about 0.5% larger. At shorter wavelengths the trends are larger, 28 possibly due to the negative trend in TOC and the stronger effect of aerosols on the irradiance 29 at these wavelengths. 30 The results presented in Figure 3 lead to the conclusion that the enhanced attenuation of UV 31 radiation by clouds in summer is balanced by the decreased attenuation in autumn, leading toa negligible effect on the yearly mean UV irradiance. However, as in all cases presented, the 1 differences between the trends in clear-sky and all-sky irradiance for summer and autumn are 2 similar to (or even lower than) their 1σ uncertainty, which is a strong indication that the 3 estimated changes in the attenuation of the UV irradiance by clouds are not significant. 4
The role of ozone and aerosols on short-and long-term variability of 5 irradiance 6
In the following we discuss in more detail the short-and long-term variability of clear-sky 7 UV irradiance at 307.5 and 350 nm in association with the evolution of factors causing this 8 variability. The analysis of the variability is performed on annual mean anomalies of UV 9 irradiance at 64° SZA, TOC and AOD, as well as for mean anomalies for the periods 10
December -May (winter -spring) and June -November (summer -autumn); the former 11 being affected mainly by changes in ozone, while the latter by changes in aerosols. 12
Furthermore we explore a potential turning point in the time series of irradiance at 13
Thessaloniki using monthly mean anomalies, in an attempt to confirm the findings of Zerefos 14 et al., (2012). 15
The results for 324 nm are not discussed since they are similar to those for 350 nm. However, simulations with UVSPEC revealed that for SZAs greater than 60° and for typical 31 aerosol properties and atmospheric conditions for Thessaloniki, the effect of a decrease in 1 AOD at 320 nm by 0.1 can be reversed by a simultaneous decrease in SSA by less than 0.1. 2
As shown in Table 1, the trends for 350 nm years, coincides with high UV irradiance at 307.5 nm while correspondingly the high TOC in 1 1998, 2010 and 2013 coincides with low UV irradiance at 307.5 nm. Obviously, while the 2 year to year variability in irradiance at 307.5 nm is mainly driven by the changes in TOC, its 3 long-term changes are mainly driven by the changes in aerosols. For example, the yearly 4 mean TOC in 2010 is the highest that has been recorded during the entire period 1994 -2014 5 (Steinbrecht et al., 2011) and has led to low yearly mean irradiance at 307.5 nm. However, the 6 yearly mean irradiance at 307.5 nm in 2010 is still higher than mean levels in the period 1994 7 -1998, mainly due to the very high levels of aerosols in the atmosphere in the mid-1990s. As 8 the AOD decreases throughout the years, the anti-correlation between the short-term 9 variability of the TOC and the UV irradiance becomes clearer. Finally, it is noteworthy that 10 while the mean value of AOD for 2014 in the period summer -autumn is the lowest recorded 11 since 1994, the corresponding value for the period winter -spring is the highest of the last 12 seven years. These very high AOD values are probably due to the increased biomass-burning 13 aerosols arising from a shift in the type of fuel owing to the economic crisis in Greece after May (left panels), June -November (middle panels) and for the entire year (right panels). A 5 piece-wise trend consisting of two linear trends has been drawn when a statistically 6 significant turning point has been detected; otherwise a linear trend for the entire period has 7 been drawn. 8
